A performance-based seismic design method enables designers to evaluate a graduated suite of performance levels for a structure in a given hazard environment. The Pacific Earthquake Engineering Center is developing a framework for performance-based seismic design. One component of this framework is a probabilistic seismic demand model for a class of structures in an urban region with a well-defined seismic hazard exposure. A probabilistic seismic demand model relates ground motion Intensity Measures to structural Demand Measures. It is formulated by statistically analyzing the results of a suite of non-linear time-history analyses of typical structures under expected earthquakes in the urban region. An example of a probabilistic seismic demand model for typical highway bridges in California is presented. It was formulated using a portfolio of 80 recorded ground motions and a portfolio of 108 bridges generated by varying bridge design parameters. The sensitivity of the demand models to variation of bridge design parameters is also discussed. Trends derived from this sensitivity study provide designers with a unique tool to assess the effect of seismicity and design parameters on bridge performance. 
INTRODUCTION
Performance-based design provides a means for structures to be designed to meet an array of graduated performance objectives in a specific hazard environment. Dealing with multiple performance objectives, each comprising a performance level at a seismic hazard level, requires a design framework significantly more complex than traditional seismic design frameworks. Recent implementations of performance-based design frameworks, such as FEMA-273 [FEMA-273 96] and Vision 2000 [SEAOC 95 ], account for location-specific seismic hazards in a probabilistic manner, where the graduated arrays of performance levels are based on deterministic estimates of structural capacities. A consistent probability-based approach, where uncertainties in the demand and capacity sides are considered simultaneously, has only been fully implemented recently in the SAC Steel Project [FEMA-350 00] to design steel moment frame buildings.
The Pacific Earthquake Engineering Research Center (PEER) is developing a consistent probabilitybased framework for seismic performance-based design and evaluation. This framework draws on results from the SAC Steel Project, but is substantially more general. Performance objectives are defined in terms of socio-economic Decision Variables (DV) and annual probabilities that such variables will exceed specified limit values in a seismic hazard environment of the urban region and site under consideration. However, a general probabilistic model directly relating Decision Variables to seismic hazard Intensity Measures (IM) is too complex. Instead, the PEER performancebased design framework utilizes the Joint Probability Theorem to de-aggregate various sources of randomness and uncertainty. Thus, the mean annual frequency of a DV exceeding limit value z is 
The kernel of the double integral in Equation 1 comprises three probabilistic models:
G DV DM´z yµ is a capacity model, predicting the probability of exceeding the value of a Decision
Variable z, given a value of a Demand Measure (DM) y;
G DM IM´y xµ is a demand model, predicting the probability of exceeding value of a Demand
Measure y, given a value of a seismic hazard Intensity Measure (IM) x; dλ IM´x µ is a seismic hazard model, predicting the probability of exceeding the value of a seismic hazard Intensity Measure (IM) x in a given seismic hazard environment.
Such de-aggregation is possible only if the three models involved are mutually independent, and if the capacity and demand models are independent of the seismic hazard environment. Furthermore, the intermediate variables IM, DM and DV should be chosen such that probability conditioning is not carried over from one model to the next. Finally, the models should be efficient, meaning that the dispersion between the model and the data is small and constant over the entire range of model variables. Design of a good de-aggregated performance-based design framework is not easy [Cornell 00]. However, such a de-aggregated approach is to performance-based design what object-oriented approach is to programming: it enables de-coupling of a large problem into independent units. Such units can be designed separately and used interchangeably, making it easier to develop a general performance-based framework for seismic design and evaluation.
The hazard and performance de-aggregation process described above is depicted in Figure 1 for the case of a highway overpass bridge. First, seismic hazards, evaluated using a regional hazard model, are expressed using Intensity Measures. A demand model, built for this class of bridges, is then used to correlate hazard Intensity Measures to structural Demand Measures for this bridge. Next, a capacity model is used to relate structural Demand Measures to Decision Variables.
Decision Variables describe the performance of a typical overpass bridge after an earthquake in terms of its function in a traffic network in an urban region such as the San Francisco Bay Area.
The results of a performance-based evaluation of an overpass bridge in the San Francisco Bay Area are mean annual probabilities of exceeding set values of a chosen suite of Decision Variables.
A probabilistic seismic demand model (PSDM hereafter) for typical California highway bridges is presented in this paper. A de-aggregated performance-based design framework (Equation 1) is a practical alternative.
One step in this framework is a PSDA used to formulate a PSDM that applies to an entire urban region, rather than to a unique location; applies to an array of possible Decision Variables, rather than a single one; and applies to a class of structures, rather than to a unique structure. Such
PSDMs are quite general. The procedure used to formulate them has four aspects: choice of ground motions, definition of the class of structures, formulation of a non-linear analysis model, and choice of Intensity Measure and Demand Measure pairs to describe the model. Formulation of PSDMs for typical California two-span single-column-bent highway overpass bridges will be used to illustrate such PSDA procedure.
Ground Motions for PSDA
Customary probabilistic seismic hazard analysis yields hazard curves that relate measures of ground motion intensity, such as peak ground acceleration, to earthquake (moment) magnitude (M w ) and epicentral distance (R) for an urban region. Such hazard curves, also called attenuation curves, are usually conditioned on local soil type. They are computed using an elastic single-degreeof-freedom system model to compute the required spectral quantities for a suite of measured or artificially generated earthquakes typical of the urban region under study.
PSDA is not based on seismic hazard curves. Instead, a ground motion bin approach proposed by Shome and Cornell [Shome 98, Shome 99 ] is used. In this approach, a suite of ground motions typical for the region under study is chosen from a database of recorded ground motions.
Using magnitude and epicentral distance data, these ground motions are divided into bins. Separating bins by magnitude and epicentral distance makes this strategy comparable to conventional PSHA. One advantage of using bins is the ability to abstract individual earthquakes and consider the effect of generalized earthquake characteristics, such as frequency domain content, dominant period, or duration, on structural demand. For example, bins differentiate between near-and farfield earthquake types, rather than between individual near-and far-field records. Ground motion intensity can also be abstracted by scaling the earthquakes in a bin to the same level of intensity, such as spectral acceleration at the fundamental period of a structure. More importantly, the bin approach provides a way to limit the number of ground motions in the suite. 
Class of Structures for PSDA
The second component of a PSDA is the definition of a class of structures to be analyzed. A class of structures is defined by structural topology, typical structural components, and methods of design.
Sample structures are instantiations of a class defined by specific geometry and design parameters.
The goal of PSDA is to produce a PSDM that enables design parameter sensitivity investigations.
The PSDA presented in this paper is conducted for a class of typical new California highway overpass bridges. Such bridges are constructed using reinforced concrete and designed according A two-span single-column bent highway overpass bridge class was chosen to demonstrate PSDA in this paper (Figure 4 ). While actual bridge designs would be governed by Caltrans criteria, members of this bridge class were generated by varying ten bridge design parameters. They are:
degree of skew, span length, span to column height ratio, steel and concrete nominal strengths, amount of longitudinal and transverse column reinforcement, ratio of column diameter to super-structure depth, soil properties at pile shafts, and bridge weight. These parameters are defined in Figure 4 and listed in Table 1 together with ranges of their variation used in this study.
A base bridge configuration defined by zero angle of skew, two equal 18.2 m (60 ft) spans, a 7.6 m (30 ft) high single-column bent, with a 1.6 m (5.25 ft) diameter circular column that has 2% longitudinal and 0.7% transverse reinforcement, and a Type I pile shaft foundation on a NEHRP class D soil site. A suite of 108 different two-span overpass bridges was generated by varying design parameters from the base configuration, one at a time. Such parameter variation was done to cover the entire parameter space, even though it may generate a few uncommon bridge designs. Soil-structure interaction in pile shaft foundations was modeled using bi-linear springs at varying depths over the pile shaft length, as in [Fenves 98] . The properties of these p-y springs were determined using soil parameters and recommendations from API [Institute 93 ]. P ∆ effects were included in the analysis to capture the effect of tall columns and relatively heavy bridge decks. The bridge deck was designed as a typical Caltrans box section for a three-lane wide roadway. During the nonlinear analyses, the deck was assumed to remain elastic. Thus, it was modeled as a linear elastic beam, but with a cracked section stiffness.
Nonlinear Analysis for PSDA
The abutments were modeled using nonlinear elastic-perfectly plastic spring-gap elements, which directly account for gap opening and closing. The longitudinal direction resistance of the abutment was derived from the stiffness of elastomeric bearing pads on seat-type abutments Initial analyses showed that the response of short-span bridges is dominated by the dynamic response of the approach embankment and abutment. In order to make the bridge model more realistic, spring properties derived above were "softened" by a factor of 2. Such softening also addresses the discrepancy between the Caltrans-recommended stiffness and the tri-linear abutment stiffness envelope observed in large scale abutment tests [Maroney 94b ]. More advanced bridge models should incorporate more complex abutment models, including soil mass inertia and soilpile interaction and embankment soils, such as the soil slice model [Wissawapaisal 00 ].
Nonlinear models for each one of the 108 bridges in this PSDA were made by changing the bridge design parameters in a computer script that generated individual OpenSees input files.
Modal analyses were performed first, using bridge models with simple supports at abutments to exclude their effect to compute bridge fundamental transverse and longitudinal periods as controlled by the column only. Nonlinear time-history analyses were conducted by running a suite of 80 ground motions, unscaled and divided into four bins as discussed above, through each one of the 108 bridge models. A database of bridge response quantities was generated by post-processing the results of the time-history analyses.
Intensity Measures and Demand Measures for PSDA
A PSDM relates ground motion Intensity Measures to structure-class-specific Demand Measures.
Thus, the choice of IM-DM pairs in the demand model is critical for a successful PSDA. An optimal PSDM should be practical, sufficient, effective and efficient, as described below.
An IM-DM pair in a demand model is practical if it makes engineering sense and if it can be easily derived from available ground motion measurements (for IMs) and nonlinear analysis response quantities (for DMs). Good correlations between computer model results and existing experimental data lend further credibility to the model. (Table 2) . Only six Demand Measures were considered. They are:
bridge displacement ductility, bridge column curvature ductility, and bridge residual displacement in both transverse and longitudinal directions each (Table 3 ). Lastly, only 10 different bridges are considered by varying three design parameters, namely span to column height, longitudinal column reinforcement, and ratio of column diameter to superstructure depth with respect to the base bridge configuration (Table 4) . Only one parameter was varied from the base configuration at a time, while the other two were kept constant.
Modal analysis of the 10 bridge models yields the periods of the first two elastic vibration modes listed in Table 4 . The first two mode shapes were practically identical for all 10 considered 
Resulting PSDMs
Different PSDMs are shown in Figures 6 through 18 . In each of these figures, the data is plotted in log-log scale, with the Demand Measure on the abscissa and the Intensity Measure on the ordinate. This is a standard method for plotting any IM-DM relationship (stemming from a push-over curve axis designation) even though the Demand Measure is regarded as the dependent variable. A regression analysis of the data yields coefficients A and B of Equation 3 listed in Table 5 . Also listed are values of dispersion δ for each regression analysis to characterize the efficiency of the probabilistic seismic demand model. In this example, only a single linear fit to the data was made.
Smaller dispersion can be achieved using a bi-or tri-linear fit not performed in this example.
Model Comparison
This PSDM pairs Spectral Displacement at the fundamental period of the bridge as the Intensity A PSDM comprising Spectral Displacement and column Displacement Ductility is shown in Figures 8 and 9 , respectively. The Demand Measure in this model (column displacement ductility) was chosen because it is more practical for design than curvature ductility. This model was intended to capture the effect of inelastic shear deformation on the performance of the bridge. Albeit, the beam-column element used in this implementation of the OpenSees includes only elastic shear deformation, enabling a direct relation between column curvature and column displacement.
Thus, the quality of this PSDM is similar to the PSDM examined above. This example illustrates the need for careful consideration of the analysis tools used for PSDA. The resulting PSDMs will only be as good as the analytical models used to compute them.
A third PSDM pairs Spectral Displacement with a column Residual Displacement Index (RDI in Table 3 ). RDI measures the amount of residual inelastic deformation of the structure after an earthquake. The model is shown in Figures 10 and 11 . Data in this model has a huge scatter, not only between bins but also within each bin. Values of dispersion of each regression line are on the order of 0.80, two to three times larger than for the two PSDMs discussed above. Such large scatter makes this model ineffective and inefficient, even though it has a well-defined meaning for bridge design. This example shows how to evaluate the quality of PSDMs.
Design Parameter Sensitivity
A good PSDM my be used as a design tool for discovering how changes in different design parameters affect the performance of a bridge. The Spectral Displacement-Column Curvature Demand PSDM will be used in the following.
The effects of variation of the bridge span-to-column height ratio (span fixed, height determined by ratio) are shown in Figures 12 and 13 , all ground motions included. Evidently, as the span-tocolumn height ratio is increased (i.e. the bridge is becoming more squat, and more stiff compared to the base configuration, going from left to right across the graphs) column curvature ductility Demand Measure increases for constant values of Spectral Displacement Intensity Measure. The slope of the linear regression fit is steeper for smaller the span-to-height ratios, meaning that stiffer bridges have a higher rate of increase of curvature demand with the increase of bridge span-tocolumn height ration. However, the fundamental period of a stiffer bridge will be shorter, leading
to smaller values of Spectral Displacement Intensity Measure. Therefore, given the range of bridge periods considered, increasing bridge stiffness by reducing the span-to-column height ratio results in either no net gain, or even a loss of performance. To a designer this would suggest alternate methods are required for reducing column ductility demand.
The effects of varying the column diameter are examined using PSDMs in Figures 14 and 15, using the column diameter-to-superstructure depth ratio as the design parameter. In contrast to the span-to-column height parameter, increasing bridge stiffness by increasing the column diameter has the direct effect of lowering curvature ductility demand (stiffness increases from right to left in the graphs). Dispersions δ are on the order of 0.25 and insensitive to variation of the design parameter. Therefore, changing column diameter is a better way to decrease column curvature demand.
Variation of the amount of longitudinal reinforcing steel in the column is examined using PSDMs shown in Figures 16 and 17 . Stiffening and strengthening the column by providing more steel has a similar effect as increasing column diameter. As expected, more reinforcement reduces ductility demand for more intense motions when the response of the column becomes inelastic, while adding reinforcement has a negligible effect for low-intensity ground motions when the column is elastic. In contrast, the effect of changing column diameter was evident at all ground motion intensity levels. The PSDMs show that performance improvement rate saturates as more reinforcement is added. The reduction in curvature demand obtained by increasing the amount of longitudinal reinforcement from 1% to 2% is significantly larger than the reduction obtained by increasing the amount of steel from 3% to 4%. Also of note is the magnitude of dispersion δ. It depends on the amount of reinforcement, being the largest for ρ = 1%. This suggests that more heavily reinforced columns have more uniform behavior across the range of ground motions considered in this study.
Finally, effect of abutment modeling is examined in Figure 18 , for transverse bridge direction only. Two bridge models are used to generate PSDMs in this figure. One model utilizes springs whose stiffness was computed using abutment stiffness data. This model was used for other PSDMs in this example. The other model has roller supports instead of springs, assuming abutments do not participate in bridge response. As expected, abutment participation adds strength to the bridge and reduces demand at any given ground motion intensity level. Unfortunately, these PSDMs can not be used to determine which abutment model is more realistic: more field test data is needed to calibrate abutment models.
CONCLUSION
Probabilistic seismic demand models for typical California highway overpass bridges were presented in this paper. They were developed using probabilistic seismic demand analysis for a class of real structures. Using a class of realistic structures, rather than a somewhat artificial singledegree-of-freedom system model, is a fundamental extension of PSDA. While preparing for PSDA an analyst should consider the following issues:
1. Choice of ground motion Intensity Measures and structural Demand Measures should be made to produce a practical, sufficient, effective and efficient PSDM. Guidelines for making such choices are as yet scarce.
2. Reducing the dispersion in PSDMs is a high-priority task, since it directly affects the number of ground motions and time history analyses required to compute PSDM parameters.
3. When choosing the ground motions for PSDA, care should be taken to avoid bias, yet to accurately represent the seismicity of the region for which PSDMs are being developed. Probabilistic seismic demand models for a class of structures provide information about the probability of exceeding critical levels of chosen structural demand measures in a given seismic hazard environment. Standing alone, PSDMs are, essentially, structural demand hazard curves.
Given that they are developed for a class of structures, they provide information on how variations of structural design parameters change the expected demand on the structure. Such sensitivity data can be used to efficiently design structures for performance. The stand-alone value of PSDMs is further increased when they are used in a performance-based seismic design framework, such as the one developed by PEER. In such design frameworks, PSDMs are coupled with ground motion intensity models on one side and structural element fragility models on the other side to yield probabilities of exceeding structural performance levels for a structure in a given seismic hazard environment.
Probabilistic seismic demand models presented in this paper can be improved in several different ways. One aspect is the improvement of bridge models, such as improved modeling of column shear response and better abutment models. Another aspect is the investigation of how sensitive the models are to the choice of ground motions (near-field vs. far-field) and local soil conditions. A third way of improving PSDMs is by focusing on measures that evaluate the ability of the bridge to fulfill its function after an earthquake. Three sample function-related overpass Demand Measures are: 1) enforcement of a 30 km/h speed limit and a 10-metric-ton axis weight limit for a period of 6 weeks; 2) closure of one-half of bridge lanes for a period shorter than 2 weeks; and 3) maintenance of bridge traffic at current levels after an after-shock that produces no more than 10 cm spectral displacement at first transverse period of the bridge. Such function-related Demand Measures enable a more direct evaluation of a bridge within a transportation network in an urban area, and better modeling of performance of such networks after earthquakes. Work on these improvements is ongoing. 
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